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SUMMARY 
 
This paper analyses the comfort and energy performance of a typical office floor with 10 
adjacent zones per orientation with dynamical simulations for a typical moderate Belgian 
climate. First, the comfort and energy performance of thermally activated building systems 
(TABS) are compared against the performance of traditional convective cooling with 
standardized user behavior. TABS are able to deliver good thermal comfort but showed to 
have a higher energy demand. Secondly, user behavior was implemented in the TABS 
simulations. The influence of the shading device use, switching of the lighting and the 
occupancy rate are analyzed by defining user types. The results of simulations with one user 
type show that implementing user behavior in the individual offices gives some comfort 
issues but does not change the variation of the energy performance over the offices much. 
Mixing user types increase the comfort issues and the variation of the energy performance. 
 
 
INTRODUCTION 
 
In Europe, approximately 40 % of the primary energy is used for operating the building stock. 
Because of the environmental impact of energy use, the depletion of energy resources and the 
economical consequences, the interest in energy conscious, sustainable office buildings has 
increased considerably. In order to design such office buildings, alternative heating and 
cooling systems such as thermally activated building systems (TABS) have gained interest.  
 
TABS consist of pipes, embedded in the concrete floor, through which water flows to provide 
heating and/or cooling. As a large fraction of the cooling is exchanged as radiation, TABS are 
considered comfortable because typical draught problems encountered with convective 
systems are reduced [1,2]. Based upon simulations and measurements many authors 
demonstrate that TABS are able to reduce the peak cooling requirements [2,3, 4,5]. TABS are 
considered energy efficient as they are high temperature cooling systems [6]. Because of the 
high thermal capacity of the floor, specific control strategies are necessary to obtain good 
thermal comfort as well as high energy efficiency [3]. Lehman et al. [7] point out that many 
analysis are presented for single offices only. Rijksen et al. [5] compare the performance of 
TABS against traditional HVAC systems for an entire building. Commonly, building 
simulations are done with average occupation schedules. However, the real occupation differs 
from these design conditions. While it may be argued that the average energy demand may be 
obtained from average occupancy profiles and that the individual occupancy schedules are 
tackled with the individual control devices in the offices, this is less straightforward for 
TABS. It is common to control TABS in zones with similar cooling loads. As this control 
strategy is not able to control individual offices, both comfort energy performance and 
thermal comfort of individual offices may differ substantially from the average situation.  
In this paper the effect of occupant behavior on the energy performance and thermal comfort 
is analyzed. A simulation environment with 2 x 10 offices is set up and a probabilistic 
approach to define the behavior of the occupants is implemented. Different user types are 
defined to assess the ability of the TABS to cope with different thermal loads. First, the 
offices will be occupied with the same user type. The differences are caused by the different 
stochastic behavior: arrival time, opening of the shading, operation of the lighting. Secondly, 
user types with different occupancy rates are mixed. This increases the variation and 
challenges the cooling system even more.  
 
METHOD 
 
Building Simulation Model 
 
The yearly energy performance and thermal comfort of a typical office floor (Figure 2b) 
offices is simulated with the dynamical simulation program TRNSYS [8]. The “multi-zone 
building”, TYPE 56 of TRNSYS is used to model the offices. For the TABS the built-in 
active layer model is applied. Simulations are done for a typical moderate Belgian climate. 
 
Figure 1 shows a schematic representation of the typical office floor used for setting up the 
thermal model. The dimensions of an individual office with an occupation of 1 person are 
2.70 x 4.40 x 3.00 m³ (width x depth x height). Heating is provided by a convector (not 
shown), cooling is provide with either TABS (south side of Figure 1a) or a convective system 
(north side of Figure 1a). Table 1 summarizes the main material properties of the façade. The 
hygienic ventilation rate equals 50 m³/h per occupant and is provided by a balanced 
mechanical ventilation system. The supply temperature is 17 °C throughout the year. The 
ventilation system as well as the convective cooling system and heating system operate during 
office hours from 07:00 a.m. till 08:00 p.m. during working days (from Monday till Friday).  
 
 
a. b. 
Figure 1. Scheme of the office section (a.) and the office plan (b.) (measurements in m) 
 
Table 1. Main building component properties. 
 glass frame exterior wall interior wall 
U-value (W/(m²K)) 1.26 2.50 0.42 0.49 
 glass glass + shading device 
g-value (-) 0.40 0.20 
τv-value (-) 0.50 0.05 
 
The TABS consist of 20 mm (outside diameter) pipes, centre to centre spaced 150 mm at the 
middle of a 200 mm concrete reinforced slab. The supply temperature θsupply (°C) for cooling 
the TABS is defined as a function of the exterior temperature θe (°C). The relation between 
both (Table 2) is based on a variant of the Unknown-But-Bounded method developed by 
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Gwerder et al. [3] to which the influence of the solar gains is added. The TABS are cooled 
during nighttime (between 09:00 p.m. and 07:00 a.m.) before each working day (from Sunday 
night till Thursday night). The mass flow rate msupply (kg/(h·m²)) (Table 2) is controlled by the 
average operative temperature in the control office and the maximum exterior temperature of 
the previous day. The TABS are switched on during night time if the maximum operative 
temperature in the control office during the previous day exceeded 23.5°C or when the 
average exterior temperature of the previous 24 hours exceeds 14°C (south) or 15°C (north). 
As cooling is provided for the next day the latter rule ensures that the slab is cooled for a 
potential sunny next day after a relatively cold period. The mass flow towards the TABS is 
switched off whenever the instantaneous operative temperature drops below 21°C. The mass 
flow is reactivated whenever the operative temperature exceeds 22 °C. It is supposed that the 
sensor point of the TABS control is situated in office zone 1. The internal heat gains due to 
occupancy, lighting and office appliances are summarized in Table 3. The split-up of the 
gains in a convective and radiative part is done according to ASHRAE-guidelines [8]. 
 
Table 2. TABS supply temperature (θsupply) and mass flow rate (msupply). 
Orientation θsupply (°C) msupply (kg/(h·m²)) 
North max[21.2 - 0.26· θe ,17] 8.3 
South max[22.1 - 0.28· θe ,17] 8.3 
 
Table 3. Design sensible internal heat gains for an individual office. 
 total sensible 
gain (W) 
radiation 
fraction (%) 
convection 
fraction (%) 
convective 
gain (W) 
radiative gain 
(W) 
occupancy 78 50 50 39 39 
lighting 60 50 50 30 30 
appliances 180 70 30 126 54 
 
Standardized user behavior is implemented in the base case calculations: arrival time is 08:00 
a.m., departure time is 05:00 p.m.. The ideal occupant takes lunch from 12:00 a.m. till 01:00 
p.m.. The installed power for lighting is 11 W/m². The base case lighting system has 
luminaires that are equipped with fully automated daylight sensors and dimmable electronic 
ballasts. As a simplification for the base case variant, the reduction due to the daylight sensor 
is averaged over the day resulting in an internal gain for lighting of 5.1 W/m². It is supposed 
that 100% of the design internal gains are released during occupancy, 20 % of the gains are 
released during lunchtime and office hours without occupancy. Outside the office hours still 
10 % of the nominal internal gains are released. For the simulations with occupant behavior, 
the internal gains of the lighting are calculated in detail from daylight calculations performed 
with the Daysim software [10]. 
 
Modeling of occupant behavior  
 
In analogy with Hoes et al. [11] the occupancy and user control of lighting and blinds are 
modeled stochastically. The results of the daylight calculations and below defined occupancy 
model serve as an input to the model for lighting and blind use.  
 
The time of arrival, departure and temporary absence is based on cumulated probability 
functions developed in the occupancy model of [10]. The occupancy rate can be chosen: high 
occupancy rate (90% of employees arrive at work every weekday) or low occupancy rate 
(60% of employees arrive at work every weekday). 
Two light switch behaviors types, defined by Reinhart [10], are modeled. The passive user 
switches on the lights at arrival and keeps it on, even when temporarily absent. The switch-on 
decision of an active user depends on the daylight illuminance level and whether the user 
arrives, whereas the switch-off decision depends on the estimated time of absence. The 
probability functions that are used for the stochastic model of user decisions are those of [10], 
except for the intermediate switch-on probability [12].  
 
This study implements the Lightswitch 2002 model for shading use behavior. This 
deterministic model, based on the observations in [13] defines an active shading user as 
someone who closes the screen when 50 W/m² direct solar radiation irradiates the workplane 
and doesn’t open the screen until arrival next morning. A passive user keeps the screen closed 
throughout year. The outcome of the shading model does not consider intermediate shading 
positions. In case of automated control, the screen is lowered when the radiation on the façade 
exceeds 250 W/m² and is raised when the radiation falls under 150 W/m².  
 
RESULTS 
 
Thermally Activated Building System (TABS) versus convective cooling device 
 
First, the results of the TABS are compared against the configuration with convective cooling. 
The simulations are performed for a standardized user, design internal heat gains and 
automated shading device.  
 
Figure 2a shows the temperature profiles for a typical summer week. The automated shading 
device in the south controls the solar gains very well. As a result the TABS is able to provide 
good thermal comfort for both the south and the north orientation. The exceeding time of 25 
°C is 1.8 % of the office hours for the south and 1.2 % for the north. Sometimes the north 
orientation becomes somewhat warmer because it is not equipped with a shading device. As 
the slab is cooled down during night, the morning temperature is low. The control algorithm, 
however, ensures that the initial morning temperature is not lower than 21 °C. As a result of 
the heat gains produced by the occupants, appliances and solar radiation the temperature 
distribution shows a considerable variation over the day. In contrast, the temperature in the 
office equipped with convective cooling system is much more stable. It varies modestly 
around the setpoint temperature that was chosen to be 24 °C in order to achieve similar 
maximum temperatures as for the TABS. The limited temperature rise in the office with 
TABS during the weekend demonstrates the dampening effect of the exposed concrete slab.  
 
Figure 2b shows the cooling demand for the TABS and the convective cooling system 
(CONV) excluding the cooling demand to cool down the ventilation air. The TABS are 
operated during nighttime and remove the heat accumulated over the previous day. As a 
result, the power needed to cool down the slab shows its maximum value at the beginning of 
the cooling period and decreases during the night. As the convective cooling system operates 
during the office hours, the distribution of the energy demand reflects the internal gains and 
the incoming solar radiation. Tuesday night, the north TABS is not activated because Tuesday 
is a relatively cloudy day and the setpoint temperature for cooling the slab is not reached. 
Wednesday, however, is much sunnier and somewhat warmer. As a result the heat in the north 
slab accumulates over the day, the temperature exceeds the comfort limit of 25 °C and during 
Wednesday night the heat that accumulated in the north slab over the two previous days has to 
be cooled away. During the weekend no cooling is provided, again the heat is accumulated 
which explains the high cooling demand during Sunday night. Integrating the cooling demand 
over the year shows that the convective system requires 15 % less energy, indicating that the 
improved efficiency of the cooling machines coupled to the TABS should compensate for the 
higher energy demand in order to achieve a lower overall energy consumption. 
 
a. b. 
Figure 2. Operative temperature (a.) and cooling demand (b.) of the office with TABS and 
convective cooling (CONV) for base case internal loads and occupancy during a typical 
summer week. The cooling demand does not include the cooling of the ventilation air. 
 
Influence of user behavior 
 
This paragraph analyses the influence of user behavior and focuses on the influence on the 
south façade equipped with TABS. Table 4 shows the yearly specific cooling demand 
assuming high occupancy rate. The cooling demand does not include cooling of the 
ventilation air. Table 5 summarizes the exceeding time of 25 °C during office hours.  
 
By introducing user types 1 and 2, the arrival and departure time as well as the interaction 
with the lighting device are stochastically modeled for each office zone. The shading device is 
automated. For a given user type, the cooling demand of an individual office zone only has a 
small variation from the average cooling load. The deviation from the design cooling load is 
more important. This is logical as the cooling load decreases if the occupancy rate is lower. It 
is also shown that the cooling load with active use of the lighting switch (user type 2) has a 
larger reduction than that of a passive user (user type 1). Encouraging people to actively 
switch of the lights hence not only saves on the energy demand for lighting but also reduces 
the cooling demand with 14 % compared against a passive user. The influence of user 
behavior on thermal comfort is more pronounced. The exceeding time of 25 °C varies 
considerably within a given user type. As the behavior of the occupants in the other offices is 
stochastically modeled, some of the offices will have accumulated more or less heat over the 
day. However, the temperature of the first office zone serves as an input for the slab control 
algorithm, resulting in a slab which is not enough or too much cooled for the other zones. 
Active users (user type 2) have better thermal comfort than the passive users. This can be 
partially attributed to the lower internal gains for lighting of the active user. However, also the 
behavior of the slab control algorithm influences thermal comfort. Despite the higher internal 
gains of the base case simulation with design conditions, the exceeding times are lower than 
for the simulation with user type 1. 
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Table 4. Cooling demand south offices (kWh/m²)  
    office zone 
user 
type 
shading 
use 
light 
use 
avg. 1 2 3 4 5 6 7 8 9 10 
 base case 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
1 auto passive 23.1 23.2 23.0 23.4 23.0 23.1 23.4 22.9 22.9 23.0 23.1
2 auto active 19.9 20.0 19.5 20.0 20.0 20.1 19.7 19.9 19.6 19.8 20.1
3 active passive 33.5 33.8 33.0 33.5 33.4 33.9 33.7 33.9 33.1 33.0 33.3
4 active active 30.7 31.2 30.4 30.7 30.8 31.1 30.6 30.3 30.8 30.6 31.0
5 passive passive 24.3 24.5 24.2 24.7 24.1 24.5 24.7 24.1 24.1 24.1 24.3
6 passive active 21.4 21.6 20.9 21.7 21.6 21.4 21.3 21.5 21.3 21.4 21.2
7.1 auto passive 21.6 22.9 20.2 23.1 22.7 20.4 20.6 22.6 20.3 20.6 22.8
8.1 auto passive 17.7 17.6 18.4 16.5 16.8 18.5 18.6 16.7 18.2 18.3 17.0
7.2 auto passive 19.2 20.2 17.8 20.5 20.1 18.1 18.5 20.1 18.0 18.3 20.3
8.2 auto passive 18.6 18.2 19.5 17.4 17.7 19.5 19.7 17.6 19.3 19.4 18.0
 
Table 5. Relative exceeding time of 25 °C operative temperature during office time (%) 
    office zone 
user 
type 
shading 
use 
light 
use 
avg. 1 2 3 4 5 6 7 8 9 10 
 base case 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 
1 auto passive 2.5 2.3 2.9 2.7 2.5 2.5 3.0 2.5 2.6 2.4 1.7 
2 auto active 1.3 1.1 1.3 1.2 1.2 1.9 1.0 1.3 1.4 1.0 1.6 
3 active passive 5.8 5.3 5.0 6.1 6.2 6.3 6.4 6.3 5.8 5.2 5.6 
4 active active 4.4 4.7 4.2 4.5 4.5 4.3 4.8 4.1 4.5 4.1 4.7 
5 passive passive 1.9 1.5 2.5 2.2 1.7 2.1 2.7 1.7 1.9 1.7 1.6 
6 passive active 1.8 1.5 1.5 1.7 2.1 1.9 1.6 2.0 2.5 1.3 1.7 
7.1 auto passive 1.8 2.4 1.5 2.8 2.6 1.1 1.1 2.6 1.0 1.4 1.9 
8.1 auto passive 2.4 1.5 3.7 1.3 1.3 3.2 4.5 1.1 3.2 3.1 1.4 
7.2 auto passive 2.4 3.5 1.5 4.1 2.9 1.4 1.1 3.4 0.9 1.8 3.1 
8.2 auto passive 1.7 1.6 2.5 0.7 0.6 2.4 3.0 0.9 2.3 2.0 1.1 
 
The simulations with user types 3 till 6 further include shading device manipulation. 
Obviously this influences the solar gains but it also impacts the internal gains for lighting. As 
for user types 1 and 2, the cooling demand of an individual office zone only has a small 
variation from the average cooling load for a given user type. Also the deviation from the 
base case cooling load is important. However, the deviation from the automated shading 
device is even more important. Both the active (user type 3 and 4) and the passive (user type 5 
and 6) shading use increase the cooling demand. The increase is more pronounced for the 
combination with active users of the shading device. As a result, the active use of the shading 
device causes the device to be more open than for the automated case. This results in a 
substantial increase of the solar gains which is not compensated by a decrease of the internal 
gains for lighting. The active use of the shading device results in a higher cooling demand, 
indicating that allowing the user to manipulate the shading too much results in higher energy 
use for cooling. Comparing the active versus the passive use of the light switches shows 
similar results as for the cases with automated shading. Active use lowers the internal gains 
for lighting resulting in a lower cooling demand compared against the passive users. The 
passive use as well as the automated control of the shading device not only result in lower 
cooling demands but also in better thermal comfort. The model to predict the shading device 
use, however, is governed by the lighting performance and not by thermal comfort. Although 
the study of Haldi and Robinson [14] indicates that the manual control of shading devices is 
dominated by lighting levels, it may be worthwhile investigating if thermal comfort also 
becomes a governing parameter for the use of shading devices during more severe cooling 
conditions. When active shading device users are considered, solar gains increase as the 
shading devices are considerably more opened. The 25 °C exceeding time exceeds the critical 
level of 5 % during office hours for the passive lighting user (user type 3) and comes close to 
this critical level for offices with active lighting users (user type 4). Passive shading device 
users (user types 5 & 6) have much better thermal comfort as they do not operate the shading 
device. Exceeding times are somewhat higher than the results of the automated shading 
devices (user types 1 & 2) because of the higher internal gains due to lighting as the shading 
devices also remains closed if it is not necessary. 
 
Finally, different occupancy rates are included in the simulations (user types 7 and 8). The 
occupancy rates in the individual offices are a mix of high and low occupancy rates. Table 6 
indicates the distribution of the occupancy rates over the other office zones. This analysis is 
done to simulate the effect of different internal gains and to assess the effect of the position of 
the thermostat that is used in the TABS control algorithm. User type 7.1 has a high occupancy 
rate in office zone 1, user type 8.1 has a low occupancy rate in zone 1. Logically, high 
occupancy rates give a cooling load that is on average 12 % (user type 7.1) and 9 % (user type 
8.1) higher than that of the offices with low occupancy. The average cooling demand also 
depends on the position of the thermostat: the cooling demand proofs to be 22 % higher if the 
thermostat is positioned in the office with high occupancy rate. The average thermal comfort 
remains below the critical 5 % regardless of the position of the thermostat. In both cases, 
however, the relative exceeding times of the individual offices show important deviations 
from the average. If the thermostat is positioned in the high occupancy office (user type 7.1), 
the overall thermal comfort is better as the individual offices with lower occupancy rate are 
sufficiently cooled. Conversely, the offices with high occupancy rate are not cooled 
sufficiently if the thermostat is positioned in the office with low occupancy (user type 8.1) 
causing higher but still acceptable exceeding times in the offices with high occupancy rate. 
 
It is current design practice to foresee a thermostat in each room to control the heating unit. 
These measurements can be used to implement the average operative temperature as an input 
for the TABS control algorithm. This has been done for user types 7.2 and 8.2. As expected, 
the average cooling demand for both user types lies between the values of user type 7.1 and 
8.1. The cooling demands of the individual offices again reflect the occupancy rate but to a 
lesser extent. The influence on thermal comfort is less straightforward. Overall the exceeding 
times are somewhat lower and the variation around the average is reduced.  
 
Table 6. Distribution of the occupancy rates over the individual offices.  
Office zone 1 2 3 4 5 6 7 8 9 10 
User type 7 
User type 8 
high 
low 
low 
high 
high 
low 
high 
low 
low 
high 
low 
high 
high 
low 
low 
high 
high 
low 
low 
high 
 
CONCLUSIONS 
 
This paper analyses the comfort and energy performance of a typical office floor with 10 
adjacent zones per orientation with dynamical simulations for a typical moderate Belgian 
climate. 
 
First, the comfort and energy performance of thermally activated building systems (TABS) 
are compared against the performance of traditional convective cooling with standardized user 
behavior. TABS are able to deliver good thermal comfort but showed to have a cooling 
demand that is 15 % higher than that of the convective cooling.  
 
Secondly, user behavior was implemented in the TABS simulations. The influence of the 
shading device use, switching of the lighting and the occupancy rate are analyzed by defining 
user types. The results of simulations with one user type show that implementing user 
behavior in the individual offices gives some comfort issues but does not change the variation 
of the energy performance over the offices much. The use of the shading device proofed 
crucial: if users are allowed to manipulate the shading device too much, the comfort criteria 
are not met and the overall cooling demand increases. This shows the vulnerability of TABS: 
immediate control is very difficult and the systems have limited power. 
 
When different user types are mixed, the comfort issues and the variation of the energy 
performance increase. The position of the thermostat controlling the TABS has an important 
influence on both thermal comfort and cooling demand. Using an average control temperature 
results in less variation of the comfort in the individual offices and a cooling demand situated 
between the extremes of the results with single thermostat. 
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